Bisphosphonate release from calcium phosphate cement has been investigated. We hypothesized that local delivery of bisphosphonate from the calcium phosphate cement improves the mechanical properties. Different samples with different concentration of Etidronate disodium have been made and analyzed. We observed a dual behavior from Etidronate in retarding and accelerating the setting of calcium phosphate cement in low and high concentration respectively. After soaking samples in simulated body fluid, an optimum concentration of Etidronate disodium was added to the calcium phosphate paste in order to achieve the best mechanical properties. Scanning electron microscopy (SEM) showed the formation of hydroxyapatite crystals. X-ray diffraction (XRD) analysis was used to determine hydroxyapatite peaks on the surface of the bio-cement, which confirms the hydroxyapatite formation.
Introduction
Calcium phosphate cements (CPC) are extremely compatible with both hard and soft tissues [1] because of the setting reaction products and apatitic formation [2] . CPCs are described by having calcium ions (Ca 2+ ) and any of orthophosphates (PO4 3-), metaphosphates or pyrophosphates (P₂O₇
4-
) [3, 4] . CPCs are a mixture of calcium phosphate minerals and a liquid part that could be an organic acid or water. The main and the most significant characteristics of the CPCs are their biocompatiblity and osteoconductive. These properties have contributed to their extensive use in the in treatment of bone defects [5] . CPC is bioactive, but more interestingly, tricalcium phosphate is resorbable [6] . It allows for new bone formation around the defect as the cement is resorbed [4] .
The defect is filled by the paste as a substitute for the injured part of bone or for fixing another implant [7] . The first transformation of this paste is after mixing with an aqueous phase and right before placing it into a defect [8] . This is known as the initial setting (hardening). The final setting is the process of hardening while exposed to the bodily environment and phase transformation reaction based on dissolutionprecipitation [9] . CPCs commonly are classified into two groups based on their hardening reaction: an acid-base reaction or hydrolysis of defined amount of calcium phosphates [10] .
It is well-known that nanostructured CPCs, for example nano-sized needle-like hydroxyapatite, can improve the sintering kinetics because of their greater surface area that causes a significant enhancement in mechanical properties [11] .
Different types of drugs have been loaded in CPCs since they are possible matrixes for loading different types of drugs and deliver them locally [12] . Bisphosphonates are prescribed for osteoclastmediated diseases such as osteoporosis, and Paget disease. They are analogous to pyrophosphate wherein the bond of P-O-P has been substituted with a nonhydrolyzable bond of P-C-P [13] . The P-O-P and P-C-P chelate divalent ions like Ca 2+ with their diphosphate group In the same way, they can target the bone [14] . Bisphosphonates (BPs) are known as antiresorptive drugs usually used to prevent bone resorption.
However, the latest research shows that BPs are important for enhancing bone microarchitecture [15] .
In the current study, we have tested a hypothesis that the combination of Bisphosphonates and calcium phosphate cements (CPCs) produce formulations with controlled setting, and mechanical properties for orthopedic uses.
Materials and Methods

Sample preparation
The β-TCP was made by heating the combination of 2 moles of dicalcium phosphate anhydrous (DCPA, Merck No. 2144) and 1 mole of calcium carbonate (CaCO 3 , Merck No. 2069).
The cement powder was prepared by mixing β-TCP, DCPA and CaCO 3 thoroughly (70, 25, 5 ratio respectively). To prepare every 2 cement samples, 2 mg of CPC powder was mixed with 1 mL of DI water, so that the powder-to-liquid ratio was 0.5. The amount of liquid was minimal for workability. After mixing for 30 seconds, the paste was loaded into a plastic mold by spatula. The setting times were measured using a Gillmor needle. In the drug loaded group, Etidronate was loaded in a matrix of calcium phosphate cement. 10 to 50 µg of Etidronate powder (Modava Farmaco, Iran) was mixed with powder part of the cement. The setting time measurements were done as previously described. Names of the samples used in this paper are shown in Table 1 . 
Initial and second setting time
The initial setting time of the CPCs was studied in a humid chamber at 37°C and 90% humidity using a Gillmor needle test with a needle weight of 113.5 g and tip diameter of 2.1 mm according to ASTM C266-99-A standard. Five samples of each compound were tested. The paste was considered the initial setting when the needle did not form a visible trace onto the sample surface. The final setting time of the CPCs was recorded in a humid chamber at 37°C and 90% humidity using a Gillmor needle test with a needle weight of 453.6 g and tip diameter of 1.06 mm according to ASTM C266-99-A standard. The final setting of the paste was defined as when the needle did not leave a visible trace on the sample.
X-ray diffraction (XRD) analysis
The present phases of the cement were characterized by powder X-ray diffraction method using a Philips 3710-MPD control equipped with Cu Kα radiation. Data were collected from 2θ = 20°-70° with a step size of 0.02 °/sec and a normalized count time of 1 s/ step. For phase detection in the samples after SBF incubation at the defined time points, samples were first rinsed with distilled water, dried, ground to fine powder, weighted and then characterized.
Statistical analysis
One-way and two-way ANOVA statistical analysis was used to estimate the statistical significance of the data. In all cases, the results were considered statistically different p-value < 0.05.
Scanning electron microscopy (SEM)
The microstructure of the samples was observed by scanning electron microscopy (Philips, XL30). Sample surfaces were coated with a thin layer of gold. Energy dispersive spectroscopy (EDS) was used to determine the Ca/P ratio of the cement.
Etidronate disodium release
Samples of each concentration were placed in 10 mL (for each) of simulated body fluid (SBF). The simulated body fluid (SBF) consisted of 8.00 g NaCl, 0.35 g NaHCO 3 
Mechanical testing
After setting, five cement samples were collected, washed and dried. The compressive strength of the wet sample was measured at a cross head speed of 1 mm/ min using a Zwick/Roell Universal Testing Machine. The same measurement was done for five samples after 1 and 7 days incubation in SBF.
Results
Setting Time
The setting time of the cement with various Etidronate disodium concentrations are presented in Figure 1 . The initial and final setting times were defined as a function of the Etidronate disodium concentration. Results show that the initial and final setting times increased with Etidronate concentration increment then fall down again.
X-ray diffraction (XRD) analysis
TThe drug is amorphous and no crystalline peaks were observed in X-ray diffraction. Figure 2 shows a wide region in the spectrum between 30° and 35°, which become more distinct in samples after 14 days incubation that shows the CPC to apatite transformation. Comparing W10 and W50 in D1, lower Etidronate concentration shows more apatite formation, while after 14 days incubation in SBF higher Etidronate aids apatite formation. Figure 3 shows in vitro release of Etidronate into the SBF solution. The released drug in most of the samples with different drug concentration is about 39%, while the highest release after 21 days belongs to sample with 35 µg drug. Table 2 shows the compressive strength of cement in different concentrations of Etidronate. At all the concentrations, samples from D1 and D7 were taken and analyzed. The compressive strength values of reference calcium phosphate cement (W0) were higher than that of other cements (+Etidronate) at D1. When comparing the effect of incubation time on the compressive strength of the individual cements, the compressive strength of all samples are significantly higher than D1.
Drug release
Compressive Strength
The best value of compressive strength belongs to W35 sample after 7 days and data show that increasing Etidronate more than 35 µg causes a significant decrease in the compressive strength.
Scanning electron microscopy (SEM)
The SEM (scanning electron microscopy) micrograph is given in Figure 4 . The SEM images were obtained for different durations (2 h, 4, 6 and 7 days) of incubation in SBF to monitor the mineralization of apatite-like materials on the nanofiber surfaces. Rodlike hydroxyapatite with a length of approximately 1 µm were formed after 21 days incubation.
Discussion
This study was designed to develop a drug carrier model using CPC for bone resorption inhibitors. The cement was loaded with Etidronate disodium, which is used in osteoporosis and Paget diseases. A release profile was sustained and deepens on initial drug loading. Based on setting time and mechanical properties data, Etidronate can be an effective agent to control the other CPC properties like setting time and strength.
The initial hardening of calcium phosphate cement is a result of chelation of calcium or acid base reaction, and the final hardening is the transformation of the components of the cements to hydroxyapatite [3] . Initial and final setting showed a constant increase in initial setting until a maximum is reached. After this maximum, stetting time decreases until it levels off to a constant setting time.
Increasing Etidronate causes a constant increase in initial setting time until it reaches a maximum and the reason is behind the Ca 2+ chelation by Etidronate that causes a delay in the initial setting. It makes the initial setting profile split into two zones. In low concentration of Etidronate, chelation is governing the reaction. However, the ability to chelate Ca 2+ will be reduced at an acidic pH [16] . Increasing the Etidronate concentration decreases the pH and then acid base reaction is governing the initial setting time that is shown as a negative slope region (second zone). Based on the XRD results, in W50 D1, less apatite is formed compared to the W10 D1. However, after 14 days, apatite content in W50 is higher than W10. Etidronate occupies the active sites so that high Etidronate content samples in early stages show less apatite formation, while in long term, Etidronate release facilitates the apatite formation.
Etidronate content affects the drug release profile and release is acting in a linear manner between first and seventh day, but after 21 days the release profile is not linear. As it was shown, within the used concentration range, 50%-70% Etidronate was released over 21 days of soaking in SBF that suggests to use this composite as a sustained release substrate, while drug release from a CPC matrix is a diffusion-controlled process [17] . Figure 3 shows the fraction of released Etidronate against time for the studied samples. All samples showed a linear trend within the 21 days, except for W5. A linear model is compatible with the Tung model for drug release [18] . At this stage, the degradation of CPC matrix plays an important role in the release process.
Compressive strength is affected by hydroxyapatite formation. Hardening is dependent on the apatite formation, which is affected by the presence of molecules and adsorption or desorption in active sites. If the other molecules occupy the active sites then the apatite formation is retarded. Results show that the lowest concentration of Etidronate, has significantly lower compressive strength compared to the control, which means less apatite is formed before soaking in SBF. Mechanical properties of W35 are significantly higher than the reference cement after soaking in SBF and exposure to the bodily environment. Under this condition, hydroxyapatite is more likely to be formed.
Conclusion
CPCs are potential matrixes for loading different types of drugs because of ability to have controlled and time dependent release. The effective amount of drug still needs to be studied. For this cement system, the CPC containing 35 µg Etidronate showed low early strength, but high strength after soaking in SBF. Suitable setting time and mechanical properties along with sustained release make this combination a suitable choice for bone repair and bone reconstruction.
